Few studies report on the in vivo requirement for hematopoietic niche factors in the mammalian embryo. Here, we comprehensively analyze the requirement for Kit ligand (Kitl) in the yolk sac and aorta-gonad-mesonephros (AGM) niche. In-depth analysis of loss-of-function and transgenic reporter mouse models show that Kitl-deficient embryos harbor decreased numbers of yolk sac erythro-myeloid progenitor (EMP) cells, resulting from a proliferation defect following their initial emergence. This EMP defect causes a dramatic decrease in fetal liver erythroid cells prior to the onset of hematopoietic stem cell (HSC)-derived erythropoiesis, and a reduction in tissue-resident macrophages. Pre-HSCs in the AGM require Kitl for survival and maturation, but not proliferation. Although Kitl is expressed widely in all embryonic hematopoietic niches, conditional deletion in endothelial cells recapitulates germline loss-of-function phenotypes in AGM and yolk sac, with phenotypic HSCs but not EMPs remaining dependent on endothelial Kitl upon migration to the fetal liver. In conclusion, our data establish Kitl as a critical regulator in the in vivo AGM and yolk sac endothelial niche.
Introduction
During mouse development, hematopoietic stem and progenitor cells (HSPCs) emerge in asynchronous waves at different anatomical sites [1] [2] [3] . The first wave originates in the yolk sac (YS) at E7. 25 and generates the primitive erythroid and macrophage progenitors of the murine conceptus [3, 4] . From E8.25 onwards, the YS generates a second wave of bi-and multi-potent progenitors of the erythroid, myeloid and lymphoid lineages [3, 5, 6] . This wave includes the erythro-myeloid progenitors (EMPs) that emerge from the YS endothelium starting from E8.25, become more prevalent by E9.5, and seed the fetal liver (FL) where they maintain hematopoiesis during fetal life [7, 8] . Finally, the definitive hematopoietic stem cell (HSC) lineage emerges in the aorta-gonad-mesonephros (AGM) region and vitelline and umbilical arteries (VU), in hematopoietic cell clusters that protrude from the endothelial wall of these arteries [9, 10] . In the dorsal aorta, these hematopoietic cell clusters were shown to emerge from the ventral hemogenic endothelium via a continuum of Kit + pro-and pre-HSCs which after E10.5 mature into definitive HSCs [11] [12] [13] . The process by which HSCs and YS EMPs emerge from the hemogenic endothelium is known as endothelialto-hematopoietic transition (EHT). After E11.5 HSCs colonize the FL, and later the bone marrow (BM) from where they maintain hematopoiesis throughout adult life [14] [15] [16] [17] [18] [19] .
The extrinsic regulators and niche components that support HSPC generation during embryonic development remain poorly understood. Several soluble factors are reported to regulate HSPC biology in both the developing embryo and adult BM, sometimes with apparently opposing effects [20, 21] . However, many functional studies of embryonic/fetal hematopoietic niche factors have been conducted in vitro, leaving uncertainty about the physiological role of these factors in HSPC emergence in the YS and AGM [20] . Kit ligand (Kitl; also known as Stem Cell Factor/SCF, or steel factor) is arguably one of the best studied key signaling factors in the adult BM HSC niche, where it binds to and activates the tyrosine kinase receptor Kit on HSPCs, and is responsible for their proliferation and survival [22] [23] [24] . In the embryo, Kitl is expressed at hematopoietic sites [25] [26] [27] , though the cells responsible for its production in the embryonic hematopoietic niche have not been identified. Genetic defects in Kitl/Kit signaling result in late embryonic/perinatal lethality with severe anemia [22, 28] . This has been ascribed to an erythroid differentiation block in > E13.5 FL, along with a decrease in FL CFU-S and neonatal HSCs [22, [28] [29] [30] [31] [32] . While all mouse YS EMPs and emerging AGM HSCs express the Kit receptor [8, 9, 33, 34] , experiments with receptor-neutralizing antibodies, and the persistence of Kit + cells in the YS and AGM of embryos with a non-functional Kit receptor, suggested that Kitl/Kit signaling is not required for HSPC emergence in the early embryo [35, 36] . More recently, in vitro culture data did suggest a role for Kitl in maturation of the AGM HSC lineage [11] . However, the role of Kitl in the YS and AGM hematopoietic niches has not been directly investigated in vivo.
Here, we make use of genetic mouse models to investigate the expression of Kitl in the YS and AGM hematopoietic niches during the onset of hematopoiesis and to assess its requirement in YSderived EMPs, lymphomyeloid progenitors, and the AGM HSC lineage in vivo. Our results reveal a previously unrecognized requirement for Kitl in YS-derived EMPs and tissue macrophages, support a role for Kitl in AGM HSC maturation and survival, and firmly establish this cytokine as a critical endothelium-derived YS and AGM hematopoietic niche factor.
Results

YS EMPs require Kitl for their normal development
To determine the role of Kitl in YS hematopoiesis, we analyzed Kitl-deficient Steel embryos (Sl/Sl) that carry a deletion encompassing the Steel locus encoding Kitl [24, [37] [38] [39] . Erythro-myeloid progenitors emerge from the YS endothelium starting from E8. 25 and become more prevalent in the YS by E9.5 [7, 8] . Erythromyeloid progenitors are phenotypically defined as Kit + CD41 + CD16/32 + and comprise a heterogeneous population containing clonogenic progenitors for the erythroid, myeloid, and mixed myeloid/erythroid lineages [8] . EMPs were present in normal frequency and numbers in E9.5 Sl/Sl YS (Fig 1A and B) and exhibited normal clonogenic potential at both E8.5 ( Fig EV1A) and E9.5 ( Fig 1C, left panel) . By E11.5, however, Sl/Sl YS EMPs were significantly reduced compared to wild-type littermates, both phenotypically (Fig 1A and D) and functionally ( Fig 1C, right panel) .
In contrast, primitive erythroblasts were not affected in Sl/Sl embryos ( Fig EV1B and C) , in accordance with the reported normal development of this lineage in embryos with severely reduced levels of Kitl [31] . We next assessed whether defects in proliferation and/or survival could underlie the YS EMP defect, as Kitl is known to control cell cycle and/or promote survival of other HSPCs [23, [40] [41] [42] . Analysis of phospho-histone H3 expression (pHH3, a marker of mitotic cells; Fig 1E) and BrdU incorporation ( Fig 1F) showed that proliferation of YS EMPs was reduced, starting with an approximately twofold decrease already at E9.5, and still apparent at E11.5. Apoptosis, on the other hand, was not significantly affected in Sl/Sl EMPs (Fig EV1D) . Taken together, these data demonstrate a previously unrecognized requirement for Kitl in YS EMP proliferation and the normal generation of the YS EMP pool.
The onset of Steel FL anemia precedes HSC-derived FL hematopoiesis and is due to the defect in YS-derived EMPs YS-derived EMPs colonize the FL and contribute to hematopoiesis at this site [8, 43] . Already at E11. ) in G0/G1 or S/G2/M was determined by flow cytometry on the basis of BrdU and 7-AAD incorporation. a: apoptotic (percentage not shown). Embryos were analyzed individually. N = 6 (+/+), N = 5 (Sl/Sl) over three independent experiments. E11.5 embryos were staged according to tail somite counts as described in ref. [76] and were as follows: 12-17 (+/+); 12-17 (Sl/Sl). Bar graphs show mean AE SD, and FACS plots representative results.
Data information: *P < 0.05 (unpaired two-tailed Student's t-test). (Fig 3C) , and both EMPs and early erythroid progenitors of the E11.5 Sl/Sl FL showed a decrease in proliferation and survival (Fig 3D-G) . Thus, our data indicate that the FL anemia of Steel embryos is due to a defect in YS-derived EMPs, with reduced colonization of the FL and a reduced proliferation and survival of FL erythroid cells contributing to the phenotype.
Tissue macrophages are depleted in the absence of Kitl
We next examined whether the generation of tissue macrophages was affected by a lack of Kitl, as YS-derived EMPs were recently shown to contribute to the pool of fetal-derived tissue macrophages during embryogenesis [43, 47] . Macrophages first appear in the brain and liver, and later in the developing organs of the fetus where they undergo their final specification [47] . Flow cytometric analysis of organs and tissues dissected from E14.5 Sl/Sl embryos showed that brain macrophages were unaffected (Fig 4A) . In contrast, in the E14. Fig S1B) . Earlier in development, we observed a 50% decrease in F4/80 + CD11b + macrophages in the midgestation AGM region of Sl/Sl embryos (Fig 4C-E) , but not in yolk sac or fetal liver (Appendix Fig S1C) . Importantly, macrophages in hematopoietic cell clusters attached to the wall of the dorsal aorta were present in normal numbers (Fig 4E  and F ). In conclusion, defective EMP expansion in the absence of Kitl results in a depletion of fetal macrophages in all tissues analyzed, with exception of the brain and aortic cell clusters.
LMPPs are decreased in the absence of Kitl
Next, we assessed whether Kit-expressing lymphomyeloid immunerestricted progenitors (LMPPs) were affected by a loss of Kitl. Similarly to EMPs, these cells emerge in the YS and colonize the FL prior to emergence of definitive HSCs [6] . Although not statistically significant, the total number of LMPPs in E11.5 Sl/Sl FL was decreased (Fig EV2A and B) . The contrasting increased frequency of LMPPs in FL is most likely secondary to the severe reduction in erythroid cells described above. In the Sl/Sl peripheral blood, LMPPs were decreased in both frequency and number ( Fig EV2C) . These results suggest that LMPPs also depend on Kitl for their expansion in the YS and/or FL.
Loss of Kitl negatively affects the AGM HSC lineage in vivo
To investigate whether the emerging HSC lineage depends on Kitl in vivo, we performed morphological, phenotypic, and functional analyses of the midgestation AGM. In the absence of Kitl, the number of Kit + cells per E10. + macrophages within live cells. E11.5 data are the mean (AE SD) of four wild type (10-13 tail somites) or three Sl/Sl (10-13 tail somites) biological replicates, analyzed over three independent experiments. Embryos were analyzed individually. E Confocal whole-mount immunofluorescence analysis of macrophages in wild type and Sl/Sl E10.5 AGM+VU. 3D panels show maximum intensity projections from 400-lm-thick Z-stacks. Slice panels show single 2.5-lm-thick Z-slices of clusters in the dorsal aorta (da). A total of four wild type (31-34 sp) and three Sl/Sl (31-33 sp) embryos were analyzed. Scale bars: 50 lm (3D), 10 lm (slice). F Quantification of whole-mount immunofluorescence in (E), showing absolute numbers (mean AE SD) of F4/80 + macrophages within hematopoietic clusters in the dorsal aorta.
Data information: *P < 0.05 (unpaired two-tailed Student's t-test).
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The Authors genes and a downregulation of hematopoietic genes in the mutant (Fig EV3A and B) . Endothelial cells analyzed in parallel as a control showed only few changes (Fig EV3C and D (Fig 5C and D) . Functionally, we observed a marked reduction in clonogenic progenitors in the E11.5 Sl/Sl AGM+VU (Fig 5E) , as well as an impaired potential for longterm multi-lineage hematopoietic reconstitution upon transplantation of mutant AGM+VU cells into adult irradiated recipients (Fig 5F; Appendix Fig S2A-G) . Of note, recipients showed a normal relative contribution of Sl/Sl-derived cells to the myeloid and lymphoid lineages (Appendix Fig S2H-L) . Our data indicate that in a Kitl-deficient AGM niche overall HSC activity, but not their relative lymphomyeloid lineage output, is negatively affected.
The smaller size of the Sl/Sl aortic clusters suggested a decrease in proliferation and/or increased apoptosis in emerging AGM HSPCs. Whole-mount immunofluorescence analysis showed that the number of proliferating pHH3 + CD31 + Kit + cells in the E10.5 Sl/Sl dorsal aorta was down twofold compared to wild type (Fig 5G) , while the 3number of apoptotic cCasp3 + CD31 + Kit + cells was increased threefold in the mutant (Fig 5H) . Interestingly, no decrease in proliferation was seen among phenotypic Sl/Sl pre-HSC type II/HSCs , when assayed directly at E11.5 by in vivo BrdU labeling (Appendix Fig S2M) . In contrast, these cells did show an increase in Annexin-V + apoptotic cells (Fig 5I) , along with reduced expression of the anti-apoptotic gene Bcl2 (Fig 5J) . Conversely, the pro-apoptotic gene Bax was upregulated in pre-HSC type I and showed an increased trend among HSCs/ pre-HSC type II (Fig 5J) . Altogether, these data support a role for Kitl in promoting the survival of the AGM HSC lineage in vivo.
◀ Figure 5 . Kitl is required for AGM (pre-)HSC maturation and survival in vivo. 11-17 tail somites) and Sl/Sl (n = 5 biological replicates; total number of embryos: 9; 11-17 tail somites). Data are mean (AE SD).
Data information: *P < 0.05 (unpaired two-tailed Student's t-test in all panels except F).
▸ Figure 6 . Spatiotemporal expression of Kitl-tdTomato at pre-liver sites of hematopoiesis.
A Confocal whole-mount immunofluorescence (WM-IF) analysis of Kitl-tdTomato expression in the E8.5 (6-7 sp) conceptus (maximum intensity 3D projection from a 500-lm-thick Z-stack). Kitl-tdTomato expression (red) is seen in the YS, allantois (a; from which the umbilical artery derives), and para-aortic splanchnopleura (PAS) of Kitl-tdTomato::23GFP transgenic concepti (the embryo proper, from which the head has been removed, is outlined with a purple dashed line). The 23GFP transgene (green) labels the YS blood islands (bi; yellow dashed line); this GFP reporter is transcribed from a heterologous hsp68 promoter under the spatiotemporal control of the Runx1 hematopoietic +23 enhancer, resulting in GFP expression in all primitive erythroid(-fated) cells, hemogenic endothelium, and emerging HSPCs [2, 74] . 
Kitl-tdTomato is expressed in endothelial and mesenchymal cells in the embryonic hematopoietic microenvironment
The requirement for Kitl in the normal development of YS-derived EMPs and AGM HSCs raised the question of what cell types produce Kitl in the embryonic hematopoietic niches. To assess this, we used a recently generated Kitl-tdTomato transgenic reporter mouse line [50] , which was found to faithfully report Kitl-producing cells in both adult [50] and embryonic cells (Fig EV4A-C) . Whole-mount immunofluorescence analysis on E8.5 Kitl-tdTomato transgenic concepti showed that Kitl was most strongly expressed in the paraaortic splanchnopleura (PAS) and the allantois, the tissues giving rise to the AGM and umbilical vessels, respectively. Kitl expression was also detected in YS blood islands (BI), albeit at an overall lower level (Fig 6A) . A closer examination revealed expression in endothelial cells of the paired dorsal aortae (Fig 6B, arrowheads) surrounding mesenchyme. In the YS BI, Kitl was expressed in endothelial cells surrounding primitive erythroblasts (Fig 6C, arrowheads) and in some perivascular cells (Fig 6C, arrow) . Endothelial expression was still evident in the E10.5 YS, around clusters of Kit + EMPs (Fig 6D, arrowheads; Fig EV4C) (Fig EV4D) . In the E10.5 embryo, Kitl expression was apparent in the FL, and in the mesenchyme ventral to the dorsal aorta throughout the AGM area (Fig 6E) . A similar Kitl expression pattern was seen in the PAS of the E9.5 embryo (Fig EV4E) . Kitl-tdTomato was also expressed in non-hematopoietic tissues such as the floor plate and intersomitic vessels. In the E10.5 AGM, CD31 + aortic endothelial cells and a-SMA/PDGFR-b + perivascular smooth muscle cells expressed Kitl-tdTomato (Fig 6F) , with approximately 16% of AGM endothelial cells, 9% of mesenchymal cells, and few VE-Cad + Kit + hematopoietic cluster cells expressing Kitl-tdTomato (Fig EV4F) . In the E10.5 FL, Kitl-tdTomato was expressed widely among mesenchymal cells/hepatoblasts and endothelium (Figs 6G and EV4G). Thus, in the embryonic hematopoietic niches, Kitl is expressed in endothelial and mesenchymal cells from the onset of YS hematopoiesis throughout the time of AGM HSC emergence and FL hematopoiesis.
Endothelial cells are a functionally relevant source of Kitl in the YS and AGM niche
Because Kitl was widely expressed in the endothelium of YS and AGM, and endothelial cells are an important Kitl-expressing niche in the adult BM [22] , we deleted Kitl in Tie2-expressing endothelium [22] of the YS and AGM niche (Fig 7A) . In the YS, deletion of Kitl in Tie2-expressing endothelium resulted in a significant, approximately twofold reduction in phenotypic E11.5 EMPs (Fig 7B, left panel) , functionally reflected in a twofold decrease in YS clonogenic progenitors (Fig 7C) . In the E11.5 AGM, phenotypic pre-HSC II/HSCs were decreased upon deletion of Kitl from the endothelium, while pre-HSC I again remained apparently unaffected (Fig 7B, middle panel) Fig 7B, right panel; Fig 7E) , while these were significantly affected in the Sl/Sl FL (cf. Fig 2) . In contrast, phenotypic Lin . Overall FL cellularity was not affected at E12.5, suggestive of an absence of major erythroid defects also at this time point (Fig 7G) . Our data indicate a different requirement for endothelial-derived Kitl among the EMP and HSC lineages: EMPs require endothelial Kitl only as they are generated in the YS, while the HSC lineage shows a requirement from its emergence in the AGM through to early FL stages.
Kitl/Kit interaction activates common downstream pathways in AGM and YS-derived hematopoietic cells, which are interpreted in cell type-specific ways
To begin to address whether Kitl functions by identical or distinct mechanisms in YS, AGM, or FL hematopoiesis, we examined whether the phosphoinositide 3-kinase (PI3K)/Akt pathway and/or the mitogen-activated protein kinase (MAPK)/Erk pathway were activated in E10.5 AGM hematopoietic clusters, YS EMPs, and FL hematopoietic cells. Kitl/Kit signaling is known to act through either of these pathways in a wide variety of cell types [23, 51] . We chose E10.5 for our analyses as at this stage the absence of Kitl has a clear phenotype in all hematopoietic tissues, as described above.
Immunofluorescence analysis of wild-type tissues showed activation of both the PI3K/Akt and MAPK/Erk pathways in hematopoietic cells at all three embryonic sites (Fig 8A and B) . Interestingly, only Sl/Sl Kit + AGM cell clusters and YS EMPs showed an approximately twofold reduction in the level of phosphorylated Akt and Erk (Fig 8A-D) , indicating that Kitl/Kit interaction is required in both these niches for activation of the PI3K and MAPK signaling cascades.
In a parallel approach, we analyzed the expression of genes known to act downstream of Kit/Kitl signaling, including genes involved in proliferation, apoptosis, differentiation, and epigenetic regulation (Appendix Table S5 ). Several genes were differentially expressed between cell types, though few were significantly affected by loss of Kitl (Fig 8E and Appendix Fig S3) . Of these, the PI3K target BTG1, previously shown to be repressed by Kitl and able to exert an anti-proliferative effect in erythroid cell lines [52] , was significantly upregulated in erythroid cells only (YS EMPs and FL erythroid progenitors; Fig 8E) . The cell cycle inhibitor Cdkn1b (also known as p27kip-1), shown to be downregulated by Kitl in a myeloid cell line [53] , was specifically upregulated in Sl/Sl YS EMPs. Cdkn1a (p21) displayed a similar trend (Fig 8E) . FL erythroid precursors showed downregulation of Stat5a, known to promote erythroid cell proliferation and differentiation downstream of Kit [54] , and Myc, which was described to mediate cell cycle progression in erythroblasts [55] and was recently shown to be downregulated in Kit W 41 mutants underlying their proliferative defects [56] ( Fig 8E) . In addition, we observed an upregulation in the anti-apoptotic gene Bcl2l1 (Bcl-xL) in FL populations (Appendix Fig S3) . Bax and Bcl2 expression was significantly affected in (pre-)HSCs as described above (Fig 5J) , while we did not observe consistent changes in expression of the various cell cycle-associated genes in these cells: only expression of Ccnd1, but none of the others (Myc, Cdkn1a, Cdkn1b, Ccnd2) was significantly affected in pre-HSC II/ HSC (Fig 8E, Appendix Fig S3) . Taken together, these data suggest that the common PI3K/Akt and MAPK/Erk pathways that act downstream of Kitl-Kit signaling in YS and AGM are interpreted differently in (pre-)HSC and erythroid cells. The specific gene interactive networks underlying the effects of Kitl in each cell type remains to be established.
Discussion
Few studies to date have examined embryonic hematopoietic niches in vivo, hampering direct comparison between adult and embryonic niche composition [20, 21] . Here, we examined the requirement for . Gating strategy is shown in Fig EV4E . from E11.5 (11-17 tail somites) wild type and Sl/Sl embryos. Four biological replicates for wild type (9 total embryos) and five biological replicates (9 total embryos) for Sl/Sl were analyzed. Data are mean (AE SD).
Kitl, an important hematopoietic regulator in adult BM, in the in vivo YS and AGM hematopoietic niche. Analysis of Kitl-deficient (Sl/Sl) mouse embryos revealed a previously unrecognized requirement for Kitl in YS EMPs, manifested in reduced EMP expansion upon their emergence in the YS. EMPs continue to require Kitl in the FL, where the loss of Kitl resulted in severe and early defects in EMP-derived erythropoiesis. Indeed, our data indicate that the anemia of Sl/Sl embryos is, at least initially, attributable to a defect of YS-derived EMPs. This is in apparent contrast to earlier studies that attributed the anemia to a defect in HSC-derived progenitors, and might be because previously YS and early FL hematopoiesis were not comprehensively analyzed [32, 35, 36] . We found that in addition to EMPs, YS-derived LMPPs also require Kitl for their normal development. Interestingly, Kitl-deficient embryos showed a marked reduction in macrophages in the E10.5 AGM and E14.5 skin, lungs, limb buds, and fetal liver, but not in the brain. As fetal macrophages do not express Kit receptor [47, 57] , and EMPs were previously shown to contribute to tissue-resident macrophage populations [43] , the fetal macrophage depletion in Sl/Sl embryos is most likely a consequence of the EMP expansion defect in the YS and/or FL. Importantly, it has been disputed whether EMPs contribute to tissue-resident macrophages in the brain (known as microglia), and Kitl-independent primitive macrophages have alternatively been proposed as their cells of origin [47, 58, 59] . As in our study macrophages in the brain were unaffected, our data support the view that microglia have a distinct origin from other fetal tissue macrophages that primarily originate from EMPs and/or fetal HSCs that rely on Kitl [43, 47, 48] .
We found that macrophages scattered throughout the AGM were decreased in the Sl/Sl embryo. As they have been implied as a niche cell type [60] , their reduction could potentially affect AGM hematopoiesis. However, the macrophages that are closely associated with the hematopoietic cell clusters of the dorsal aorta were present in normal numbers at the time of HSC emergence, making it unlikely they are indirectly responsible for the observed Sl/Sl AGM phenotype.
In the in vivo AGM region, Kitl affected the maturation and survival of the HSC lineage, after its divergence from hemogenic endothelium. Specifically, and in contrast to in vitro studies [11, 26] , our data revealed that Kitl was predominantly required at the level of the pre-HSC II/HSC and not the pre-HSC I. Niche factors other than Kitl may partly compensate for the loss of Kitl/Kit signaling in pre-HSC I. Candidates include thrombopoietin (TPO) and Oncostatin M, a member of the IL-6 family of cytokines. TPO/Mpl signaling is known to affect the generation/expansion of HSCs in the AGM [61] and acts synergistically with Kitl in mouse BM HSPCs [62] . Oncostatin M has been reported to promote proliferation of AGM-derived HSPCs in vitro [63] , and in zebrafish was recently shown to synergize with kitlgb (one of the two zebrafish paralogs of Kitl) to promote the expansion of HSCs in the caudal hematopoietic tissue (CHT), the zebrafish FL equivalent [64] . The precise action of these factors on mouse AGM pre-HSCs/HSC and their interaction with Kitl awaits further experimentation.
Within the YS, AGM, and FL niches, Kitl was expressed in different stromal compartments, including endothelial cells in the vicinity of HSPCs. Deletion of Kitl in Tie2-positive endothelial cells was sufficient to phenocopy the Sl/Sl hematopoietic defects of the YS and AGM. In contrast, in the FL, endothelial deletion of Kitl only recapitulated the defect in the phenotypically defined HSC lineage, and no defect was observed in FL EMPs/erythroid progenitors. The latter implies that FL EMPs obtain Kitl from a different niche cell type, as they are severely affected in the Sl/Sl embryo. A strong candidate is the hepatoblast that we found to be the most prevalent source of Kitl in the FL, consistent with previous observations based on gene expression [65, 66] . Altogether, our data demonstrate changing requirements for endothelial Kitl in the sequential EMP niches, but not HSC niches, during embryonic development.
The critical role for endothelial cells in providing Kitl for developing EMPs in the YS and for (pre-)HSCs in the AGM and FL niches is in line with endothelial cells being an important source of Kitl for mouse BM HSCs [22] and HSCs in the zebrafish CHT [67] , and suggests a conserved role for endothelial cells in delivering Kitl to HSCs, regardless of their developmental stage. Kitl occurs in either a soluble or a membrane-bound form, generated by alternative splicing of a precursor RNA [68] . Both can activate the Kit receptor, although the membrane-bound form was reported to yield a stronger signal through increased tyrosine kinase activation [69] . Membrane-bound, but not soluble Kitl, induces long-term proliferation of CD34 + cells [70] and survival of early thymic progenitors [50] . Thus, it is plausible that the dependency of YS EMPs and AGM HSCs on endothelial Kitl reflects a requirement for membranebound Kitl by these cells. Alternatively, soluble Kitl may act in a local niche manner. Conditional deletion of membrane-bound Kitl will help distinguish between these possibilities. Our data suggest that the mechanisms downstream of Kitl/Kit signaling in different embryonic hematopoietic populations are complex and context-dependent. While activation of the PI3K and MAPK pathways in YS EMPs and the AGM HSC lineage is dependent on Kitl, the functional consequences of Kitl/Kit signaling in these cells were different. Our data indicate that in YS EMPs Kitl/Kit signaling normally represses the expression of anti-proliferative genes such as BTG1 and Cdkn1b, as these genes were upregulated in the Sl/Sl cells. This is in line with the reduced proliferation of these cells. In contrast, we did not detect widespread differences in cell cycle of pre-HSCs/HSC in wild type versus Sl/Sl embryos, either by BrdU or gene expression analysis. Conversely, Kitl appeared to be required in pre-HSCs/HSCs for promoting their survival, in accordance with its role in the adult BM [22, 40] . This effect could be mediated by PI3K/Akt, as this signaling cascade was shown to promote cell survival [71] , also in response to Kit activation [72] . Furthermore, in the absence of Kitl we observed upregulation of the proapoptotic gene Bax and downregulation of the anti-apoptotic gene Bcl2 in the HSC lineage. Of interest, using in vitro culture systems followed by functional assays, expansion of the emerging HSC lineage was recently reported to occur through proliferation of preHSCs, rather than continued de novo generation of these cells [45, 73] . Our data indicate that Kitl does not play a significant role in regulation of proliferation during the generation of the HSC lineage, but affects pre-HSC/HSC numbers through protection from apoptosis.
In conclusion, our study uncovered a critical role for endothelial Kitl in the normal expansion of YS-derived EMPs, and showed its requirement in the survival of the AGM HSC lineage in vivo. In addition, we provide evidence for an early defect in FL erythropoiesis downstream of the EMP defect and showed that fetal tissue macrophages (apart from microglia) were affected. It will be of interest to explore the gene interactive networks downstream of Kitl in the HSC lineage to further explore inroads into manipulating the [22] , and Tie2-Cre [75] mice were housed with free access to food and water and maintained in a 12-h lightdark cycle. 23GFP mice were maintained on a mixed (CBAxC57BL/ 6) background, others on a CD45.2 C57BL/6 genetic background. Genotyping primers are listed in Appendix Table S1 . Timed pregnancies were generated, and embryos collected and dissected, as previously described [2] . E8.5 to E10.5 embryos were staged according to somite pairs, E11.5 embryos based on tail somite pairs [76] , and older embryos on the basis of morphological criteria (E12.5-E14.5).
Embryonic blood collection
Concepti were collected in PBS supplemented with 10% FBS and PS (37°C). Umbilical vessels were clamped while removing the placenta and embryos transferred to individual dishes to bleed out. Medium was collected and cells spun down for counting and analysis.
Cytospin preparation and Wright-Giemsa's staining
Cytospins were prepared on a Shandon Cytospin 4 (Thermo Scientific) and were stained with a Wright-Giemsa's stain using an automated HEMATEK slide-staining machine (Bayer Healthcare). Images were acquired on a Nikon Eclipse e600 microscope equipped with a Nikon DXM1200C camera, using a PlanFluor 40×/0.75 objective.
Immunofluorescence analysis and imaging
Whole-mount immunofluorescence on embryos and yolk sac was performed as previously described [77] . Images were acquired on a Zeiss AXIO Examiner.Z1 upright microscope equipped with a Zeiss LSM-780 confocal system, using a 25× NA:0.8 DIC Imm Kor UV VIS-IR objective or on a Zeiss AXIO Observer.Z1 inverted microscope equipped with a Zeiss LSM-880 confocal system using an 25× LDLCI PlnApo NA:0.8 DI or a 40× C Apo 1.1W DICIII objective. Imaging was performed at room temperature. Images were processed using IMARIS v7.5.0 (Bitplane), Zeiss Zen and Adobe Photoshop CS6. 3D reconstructions are maximum intensity projections. Appendix Table S2 lists antibodies used for immunofluorescence analysis.
Flow cytometry and cell sorting
Single cell suspensions were generated and processed for flow cytometry as previously described [2] . Analysis was carried out on BD LSR II, BD LSR Fortessa or BD LSR Fortessa X-20 analyzers. Cell sorting was performed on a BD FACSAria Fusion sorter using a 100 lm nozzle. Compensation and gates were set using unstained, single stained and fluorescence-minus-one (FMO) controls. Dead cells were excluded based on Hoechst 33258 (Sigma) or 7-AAD (Sigma) incorporation. For imaging flow cytometry, FL cells were stained and labeled as previously described [78] , run on a ImageStreamX (Millipore Sigma), and data analyzed with IDEAS software (Millipore Sigma) following the gating strategy previously described [79] . Appendix Table S3 lists antibodies, conjugates, and DNA dyes used for flow cytometry.
Single and multiplex Quantitative Real-Time PCR (qRT-PCR)
For single gene qRT-PCR, total RNA was isolated from sorted cells using the Quick-RNA Microprep Kit (Zymo Research), according to manufacturer's instructions. RNA was quantified on a Nanodrop ND-1000 spectrophotometer (Thermo Scientific). Reverse transcription was performed using Superscript III First-Strand Kit (Life Technologies). qRT-PCR was performed using TaqMan probes (Applied Biosystems) on an ABI PRISM 7000 system (Applied Biosystems).
ÀRT samples were used as controls. Data were analyzed using the ΔCt method and are shown as 2
ÀΔCt
. Multiplex qRT-PCR was performed as previously described [2] . Pools of 10 cells were sorted directly into ÀRT/preamplification mix and analyzed on a Biomark platform (Fluidigm). Data were normalized to Atp5a1, Hprt, and Ubc. A list of Taqman probes used for qRT-PCR is shown in Appendix Table S4. Appendix Table S5 lists genes used in multiplex qRT-PCR and references to previous work in relation with Kitl.
Cell cycle analysis
2 mg of a 10 mg/ml BrdU solution was injected intra-peritoneally into pregnant females. Two hours later, embryos were collected and BrdU incorporation analyzed by FITC BrdU Flow Kit (BD Pharmingen), following manufacturer's instructions.
CFU-C (Colony-forming unit-culture) assays CFU-C assays were performed using Methocult M3434 (mixed colonies) or M3334 (CFU-E) (Stem Cell Technologies). Cells were plated in duplicate and cultured at 37°C, 5% CO 2 . Colonies were scored after 2 (M3334) or 7 days (M3434).
Repopulation assays
Single-cell suspensions of CD45. Cs). Donor-derived chimerism was determined by flow cytometry in peripheral blood (PB) at 6 and 16 weeks post-transplantation. PB, treated with BD Pharmlyse (BD), was labeled with anti-CD16/32 (Fc block), anti-CD45.1-APC, and anti-CD45.2-FITC. Long-term multi-lineage reconstitution levels in PB, BM, spleen, and thymus were determined by flow cytometry at 16 weeks; antibodies are listed in Appendix Table S3 . Recipients showing ≥ 5% donorderived cells were considered reconstituted. Repopulation levels in reconstituted mice were compared using Mann-Whitney U-test.
RNA sequencing
Samples of 100 cells each were processed using SMARTSEQ2 [80] . Paired end sequencing (75 bp) was carried out on an Illumina HiSeq 4000. Reads were aligned to the NCBI37/mm9 mouse reference genome using STAR (v2.4.2a). Lane replicates for each sample were merged into one BAM file. Read counts for each gene were determined by using the featureCounts program from the Subread software package (v1.4.5) and processed/normalized using the DESeq2 package (v1.12.4). P-values were corrected for multiple testing using the Benjamini and Hochberg method, and differentially expressed genes were identified as those with false discovery rate (FDR) below 0.1. Heatmaps were generated in R, and GO analysis was performed using MetaCore (Thomson Reuters).
Statistics
Unpaired two-tailed Student's t-test assuming equal variance was used to determine the level of significance (unless otherwise indicated). P < 0.05 was considered statistically significant (indicated by an asterisk).
Data availability
RNA-Seq data are available in the GEO database with the accession number GSE105267. 
